Glycerol, the main constituent of crude glycerin, has high energy efficiency and may provide energy to microorganisms in silage. Therefore, we evaluated the effect of including crude glycerin (CG) and a bacterial inoculant on the chemical composition, losses, fermentation profile, microbial population and aerobic stability of rehydrated corn grain silage. The dry corn grain (800 g kg -1 dry matter (DM)) was milled to 5 mm and rehydrated with water and glycerin to achieve 32.5% moisture content. Crude glycerin was added at 0, 75, 150 and 225 g kg -1 (natural matter (NM)), with or without bacterial inoculant. The experiment was randomized, and included three replicates in a factorial scheme, with or without bacterial inoculant, four crude glycerin levels and five fermentation periods. CG inclusion in silage decreased the nitrogenous and fibrous fractions, gas losses, DM recovery, and microbial growth. However, CG addition increased effluent and total DM losses. Treatment with 0 and 75 g kg -1 CG (NM) resulted in lower pH (4.6; 4.28) at 64 days of fermentation. Silage without CG remained stable to oxygen after 12 days. The bacterial inoculant did not influence the variables analyzed. We conclude that CG inclusion, bacterial inoculant or a combination of these additives is not recommended for this type of material. Nevertheless, rehydration with water (125 g kg -1 DM) is an alternative for storage of corn grain silage through the ensiling process.
Introduction
Due to its vast territorial size, large amounts of agricultural land and climate diversity, Brazil is one of the countries with the largest cereal production, especially corn grain. However, due to a lack of infrastructure to store these grains, the country faces numerous storage-related problems, which increases losses and consequently production costs. As much of the corn produced in Brazil is intended for animal feed, one alternative to minimize the storage problem during the harvest would be to utilize the ensiling process, after grinding and rehydrating the material to the proper moisture content for this method of preservation. However, the literature is scarce in studies evaluating the rehydration of cereals, as corn grain. In addition, rehydrated corn grain, can be a form grain storage alternative, too improve the digestibility of corn (Ferraretto et al., 2014) . Rehydration breaks down the hydrophobic starch-protein matrix surrounding starch granules during ensiling (McAllister et al., 1993; Hoffman et al., 2011) , which allows better utilization of nutrients by ruminants (McAllister et al., 1993) . Various additives, including bacterial cultures, can be used to improve the nutritive value of silage. Nevertheless, data from studies evaluating the use of this type of additive are quite controversial (Muck 2004; Gimenes et al., 2006; Zopollatto et al., 2009; Basso et al., 2012; Santos et al., 2013; Lara et al., 2016; Mohammadzadeh et al., 2016) . Although bacterial additives can favor dry matter recovery from ensiled material (Kung Júnior et al., 2003) , co-products of the biofuel industry may also be used as alternative additives to improve the fermentation process (Van Cleef et al., 2012; Martins et al., 2014; Gomes et al., 2015) . Glycerol, which is the main constituent of crude glycerin, is widely used to feed ruminants (Van Cleef et al., 2014; Carvalho et al., 2015) due to high energy efficiency and having been intensively tested as an ingredient in diets for other animals Gonçalvez et al., 2015; Arif et al., 2017) . Moreover, this feed additive can be used as an energy source by microorganisms in the silage by replacing rapidly fermentable carbohydrates (Gomes et al., 2015) . However, there is no information in the literature regarding the use of glycerin in the ensiling process. In addition, there are no studies detailing the fermentative characteristics, losses and microbial composition of rehydrated corn grain. This study aimed to evaluate the chemical composition, losses, fermentation profile, microbial populations and aerobic stability in coarsely milled corn grain silage rehydrated with water and containing crude glycerin and bacterial inoculant.
Results

Chemical composition
Most of the variables analyzed for chemical composition were influenced by the increase in CG levels after 64 days of ensilage (Table 1 ). The crude protein (CP), neutral detergent fiber (NDF) and acid detergent fiber (ADF) content was reduced by 0.23, 0.08 and 0.04 g kg -1 DM, respectively, for each 1 g kg -1 CG addition (NM). However, the silage with the highest CG levels had the highest total carbohydrates (TC) and non-fibrous carbohydrates (NFC) values, at 858 and 779.7 g kg -1
, respectively. The bacterial inoculant alone did not influence any of the analyzed chemical composition variables. However, there was an interaction effect between this additive and the crude glycerin for DM, mineral matter (MM), and ether extract (EE). The DM and MM variables increased linearly with CG addition (Table 2) , but increased levels of this additive reduced the EE content by 0.18 g kg -1 (DM) for each 1 g kg -1 CG (NM) added to the silage.
Losses
The fermentation profile variables were only influenced by CG inclusion. Effluent (EL) and total dry matter (TDML) losses increased with CG addition. The greatest loss was observed after the addition of 225 g kg -1 CG (NM) (Table 3) . However, gas losses (GL) were reduced approximately 68% in the treatment with greater CG inclusion relative to the silage without CG. Total dry matter recovery (TDMR) was also reduced after CG inclusion with a lowest value at 64 days of fermentation for the treatment with 225 g kg -1 CG (NM).
Fermentation profile and microbial population
There was an interaction effect between the fermentation period (FP) and CG addition for all fermentation profile variables analyzed. The pH decreased throughout the FP independently of the treatment, with the lowest values observed for 0 and 75 g kg -1 (NM) CG inclusion (Fig. 1) . However, the titratable acidity (TA) and ammoniacal nitrogen (NH 3 -N -g kg -1 total nitrogen) content was higher for these treatments and greatest on the 64 th day of fermentation. Yeasts and molds were the only groups of microorganisms that did not affect the interaction between the bacterial inoculant, CG, and FP, but no regression model was adjusted for these variables. For LAB and ENT, there was an interaction between the bacterial inoculant, FP, and CG. The bacterial inoculant was not effective in increasing the lactic acid bacteria (LAB) and enterobacteria populations within each CG treatment (Table 4) NM), the reduction in enterobacteria occurred after the 8 th fermentation day, with an absence of CFUs for all CG levels by the end of the fermentation period (64 th day). Only the silage without CG maintained aerobic stability after 12 days (Fig. 2 ). The treatments with 75 and 150 g kg -1 CG (NM) without inoculant had the lowest stabilities when exposed to oxygen, being stable for 72 and 78 hours, respectively. However, all treatments containing CG demonstrated a breakdown of stability after exposure to oxygen.
Discussion
Crude glycerin presents low levels of nitrogenous and fibrous fractions (Dias et al., 2014) . Therefore, the inclusion of CG in silage reduces the CP, NDF, and ADF levels and consequently increases the carbohydrate fraction, as these values are estimated using equations influenced by the fibrous fractions (NDF and ADF). The same effect was observed for the CP, NDF, FDA, TC, and NFC values in studies performed by Martins et al. (2014) and Gomes et al. (2015) after the inclusion of different quantities of glycerol (the main constituent of CG) in corn silage. The increase in DM content after CG addition occurred due to the increase in effluent loss (Table 3) . Despite the increase in DM content, the values obtained in this experiment were between 25 and 35% DM, as recommended by McDonald (1991) to obtain desirable conditions for fermentation and inhibition of Clostridium. The high mineral matter content observed in the silage with higher CG levels was caused by high mineral matter content in the CG (~7 g kg -1 DM). Numerous studies have demonstrated the high mineral content of CG (Oliveira et al., 2013; Simas et al., 2010; Thompson and He, 2006) . There is great variability in the percentage and types of lipids in CG as a function of the type of catalysis used for biodiesel production (Oliveira et al., 2013; Simas et al., 2010) . This may have contributed to the reductions in EE content in the silage with added CG. The greatest effluent losses observed in the silage with the higher CG content are related to the physical form of this additive. As it is a viscous fluid, CG has the potential to flow under compaction and pressure (Hu et al., 2012; Thompson and He, 2006) . This may have contributed to the transport of liquid to the end of the silo increasing effluent losses. The increase in EL reflects the increase in LTDM and reductions in TDMR after CG inclusion. This occurs because EL and GL are taken into account for the LTDM calculation. Therefore, the losses are greater as the LTDM is higher. In turn, TDMR is inversely proportional to LTDM, decreasing as this loss increases. GC inclusion may have had an antagonistic effect on the LAB and enterobacteria populations (Table 4 ). This antagonism likely contributed to the GL reductions, as the gasses produced during fermentation are generated by microbial degradation of sugars or by grain respiration during the initial stage of fermentation (Muck, 2010) . Lara et al. (2016) observed higher GL values in corn silage inoculated with Bacillus subtilis and Lactobacillus plantarum relative to control silage or silage inoculated with B. subtilis alone, indicating that a larger population of microorganisms in the silage might contribute to increased GL during the fermentation process. Bacterial inoculants increase DM recovery during the fermentation process due to the use of more efficient metabolic pathways, with lactic acid acting as the predominant final fermentation product (Muck, 2010) . However, in this work, no significant inoculant-based differences were observed, due to reductions in the LAB population in response to increasing CG levels. The lower pH and higher titratable acidity observed for silage with 0 and 75 g kg -1 CG (NM) (Fig. 1) probably occurred due to increased production of organic acids (lactic and acetic). This is evidenced by the greatest microbial populations in these treatments (Table 4) , especially during the first days of fermentation, which is also consistent with the increases in NH 3 -N levels. The presence of microorganisms such as enterobacteria can stimulate proteolysis, increasing the ammoniacal compound levels in silage (Woolford, 1984) . In addition, at pH > 5.0, the performance of proteases enhances NH 3 -N degradation (Berg et al., 2002) . The most intense proteolysis occurring in the treatments with 0 and 75 g kg -1 CG (NM) was above the 10% limit considered suitable for silage. The reduction in the microorganism populations relative to the CG inclusion may have occurred due to the negative influence of some compound in this additive on microflora development. According to Pahlow et al. (2003) , LAB species require oleic acid esters for growth. However, O'Leary (1962) affirm that gram-positive bacteria are more sensitive to all types of fatty acids than gram-negative bacteria, especially cis long-chain unsaturated fatty acids. The major fatty acids present in CG are oleic, linoleic, erucic palmitic and linolenic (Hu et al., 2012; Thompson and He, 2006) . Most of these fatty acids are unsaturated. Other factors such as pH may contribute to reductions in microorganism numbers during the fermentation process. However, despite an increase in the production of organic acids, verified by the TA increase, the pH drop was not sufficient to inhibit LAB and enterobacteria growth. This indicates that other factors influence the microbial population growth in rehydrated corn grain silage. Higher quality silage with high concentrations of lactic acid and sugars are less stable when exposed to oxygen (Weinberg and Muck, 1996) . Molds and yeasts, microorganisms responsible for aerobic deterioration, use lactic acid as a substrate for their development (Pahlow et al., 2003) . Treatments with no CG, regardless of inoculant, maintained the largest populations of enterobacteria throughout fermentation (Table 4 ). This may have contributed to the greater aerobic stability of the silage, as acetic acid is the main sugar degradation product made by these microorganisms (McDonald et al., 1991) . Acetic acid increases aerobic stability by inhibiting the growth of molds and yeasts (Danner et al., 2003) .
-----------------------------------------------------------------Lactic acid bacteria -------------------------------------------------------------------
---------------------------------------------------------------------Enterobacteria ---------------------------------------------------------------------
Materials and Methods
Localization
The experiment was carried out at the Animal Nutrition Laboratory and Forage Institute of Agricultural and Environmental Sciences, Federal University of Mato Grosso, in Sinop, Mato Grosso, Brazil.
Treatments
The treatments included a combination of three factors, inoculation (with or without), crude glycerin (CG), and fermentation periods. The dry corn grain (800 g kg -1 DM), acquired from the region, was grossly disintegrated in a mill retrofitted with 5 mm mesh sieves. Prior to fermentation, the milled corn was rehydrated with water, and crude glycerin (g kg -1 of NM) added at ratios of 125:0, 125:75, 125:150, and 125:225 to maintain constant moisture content at 32.5% in all treatments. Increases in CG levels resulted in a reduction of corn percentage in the silage, thus maintaining moisture content. The commercial inoculant used was KERA-SIL moist grain (Kera Animal Nutrition) consisting of Lactobacillus plantarum (30 x 10 9 CFU g -1
) and Propionibacterium acidipropionici (20 x 10 9 CFU g -1
). The inoculant dose and application method were as recommended by the manufacturer.
Experimental design
Silage was wrapped in PVC silos with a 0.1 m diameter and a 0.35 m height, with a volume of 2.75 x 10 -3 m 3
. A "Bunsen" type valve was attached to allow gases resulting from the fermentation process to escape freely. For homogeneity of density (kg m -3 ) across treatments, a standard sample without crude glycerin was weighed and set as the relative mass standard to other treatments in the silo. The average specific mass obtained was 981 ± 14.63 kg m -3 NM, which was adopted as a standard for other treatments. Experimental silos were kept under cover, at room temperature, and opened at defined periods (4, 8, 16, 32 , and 64 days) after closing. A factorial combination (2 × 4 × 5) was used in a completely randomized design with three replicates per treatment as follows: with and without a bacterial inoculant, four crude glycerin levels (0, 75, 150 , and 225 g kg -1 NM), and five fermentation periods (4, 8, 16, 32 and 64 days after ensilage).
Variables measured
At 64 days of fermentation, 500 g silage samples were collected for chemical composition analysis. These samples were oven-dried (55ºC for 72 hours) and milled to 1 mm. Subsequently, dry matter (method number 934.01; AOAC, 1990) and mineral matter (MM) (method number 924.05; AOAC 1990) were determined. To define crude protein, total nitrogen was determined using the micro-Kjeldahl method, (method number 920.87; AOAC 1990), with a conversion factor of 6.25. The ether extract was determined gravimetrically after extraction with petroleum ether in a Soxhlet instrument (method number 920.85; AOAC 1990). Neutral detergent fiber and acid detergent fiber analyses were performed according to Van Soest and Robertson (1985) . Total carbohydrates (TC) and non-fibrous carbohydrates (NFC) were calculated according to the method described by Sniffen et al. (1992) and Hall (2000) , respectively. To quantify effluent produced, previously oven-dried sand (55 °C for 24 hours) was stored in bags wrapped with fabricnon-fabric were added to the bottom of the silos. These bags were kept in an oven at 55 °C until the moment of ensiling. To avoid errors during weighing after opening of the silos, the ensiled material was separated from the sandbags using a polyethylene screen. Effluent losses, gas losses, total dry matter losses, and total dry matter recovery were quantified using equations proposed by Jobim et al. (2007) . The silage samples from each fermentation period were used for the fermentation profile analysis, including pH, titratable acidity, ammoniacal nitrogen, and microbial CFUs. The pH and TA were determined according to the technique described by Silva and Queiroz (2002) . A pH meter table was used for all techniques. The evaluation of NH 3 -N was performed using the method proposed by Chaney and Marbach (1962) . Silage samples were diluted in water and trichloroacetic acid (10%) and analyzed using a spectrophotometer (Bioespectro SP-220) at a wavelength of 625 nm. The technique proposed by Cherney and Cherney (2003) was used for the quantification of microorganisms in the silage. Lactic acid bacteria quantification was performed by plating on MRS agar (Fluka Analytical) and incubating at 35°C for 72 hours. The enterobacteria population was determined by plating on Violet Red Bile Glucose Agar (Fluka Analytical) and incubating at 35°C for 48 hours. Molds and yeasts (fungi) were determined by plating on Potato Dextrose Agar (Acumedia) acidified with 10% tartaric acid after sterilization. These plates were incubated at 25°C for five days. To a 25 g silage sample, 225 ml of Ringer's solution was added and subsequently homogenized in an industrial blender for 1 minute to give a 10 -1 dilution. Then, successive dilutions were performed aiming to obtain a range from 10 -1 to 10 -7
. The cultivation was performed in sterile petri dishes. Plates containing 30-300 CFU were considered amenable to counting. In addition, the silage was air-exposed and subjected to aerobic stability analysis. In the final fermentation period (64 th day), after the silos were opened, approximately 1500 g of a composite sample of silage for each treatment was placed in an open aluminum tray and kept at room temperature (average 25ºC). The room temperature was measured utilizing four data loggers at random points. The silage temperature was measured every 15 minutes for 12 days with a data logger placed in the center of the silage mass. The aerobic stability was defined as the number of hours that the silage remained stable before the temperature rose > 2ºC above room temperature (Moran et al., 1996) .
Statistical analysis
The experiment was carried out in a completely randomized design with three replicates in a 2 × 4 × 5 factorial scheme (with and without bacterial inoculant x 4 levels of crude glycerin x 5 fermentation periods). The silage chemical composition, losses, and aerobic stability were analyzed at 64 days, and the fermentation profile and microbial counts were analyzed over the fermentation period (4, 8, 16, 32 and 64 days after ensilage). To determine the inoculant effect, means were estimated using LSMEANS, and the comparison was accomplished using the difference probability 'PDIFF' in the PROC MIXED procedure of SAS (version 9.1). A regression analysis using the PROC REG procedure of SAS (version 9.1) was used to evaluate the quantitative variables (levels of crude glycerin and fermentation period). In both analyses, 0.05 was considered the significance level for type I error.
Conclusion
The inclusion of a bacterial inoculant does not influence the chemical composition, losses, fermentative profile or aerobic stability of rehydrated corn grain silage. The addition of crude glycerin inhibits microorganism growth, decreases dry matter recovery and aerobic stability of the silage, and its use is not recommended for rehydrated corn grain silage. Rehydration with water is an alternative method for storage of corn grain silage.
